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Calichevnicin ,I and DNA: Molecular Recognition lmted at both the 5' and 3' ends as well as 
in the middle of the oligomers. Only the 

Process Responsible for Site-Specificity dodecamers having the TCCT sequence pre- 
p p 

sent in the middle-and at the 3' end werecut 

NADA ZEIN, ~ R C  PONCIN," RAMASWAMY NILAKANTAN, by la, whereas the oligomer with the TCCT 

GEORGE A. ELLESTAD site placed at the 5' end was not cut under 
these conditions (Fig. 1). The addition of a 

Calicheamicin is a recently discovered diyne-enwntaining antitumor antibiotic 
that cleaves DNA in a double-stranded fashion, a rarity among drugs, at specific 
sequences. It is proposed that the cutting specificity is due to a combiiation of the 
complementarity of the diyne-ene portion of the aglycone with DNA secondary 
structures and stabilization by association of the thiobenzoate-carbohydrate tail with 
the minor groove. 

A N IMPORTANT AND INTRIGUING AS- modeling studies reported here, provides 
pect of the phenomenally potent insight into the calicheamicin-DNA encoun- 
antitumor agent calicheamicin ter and may explain the distinctive sequence- 

(structure la) ( 1 , Z )  is its interaction in vim specificity of such a small compound. 
In order to determine the near-neighbor 

o effect on the preferred sites TCCTIAGGA 
(3), a series of synthetic dodecamers were 
prepared with the tetramer sequence TCCT 

- 1  
Fi . 1. (A) calicheamicin B .vl double-strand cleavage 
sites on several synthetic 

18 R,- $&- - o h p m  with TWIAG- - GA sequences placed at dif- 
M ferent positions. The arrows 

indicate the calicheamicin 
R2- H yll sites of attack. (B) Auto- 

@ 
radiograms of high-resolu- 

+ tion denaturing gels of cali- 
IC R ~ -  H R2- cheamicin yI1 cleavage of 5' 

end-labeled dodecamers I 

with DNA in which the drug makes double- ~ ~ ~ ~ ~ ~ ' & , ~ n $ ~  
stranded cuts at precise sequences (3). The ~ s - ~ ~ l , p ~  7.5, carrier calf 
DNA cleaving properties are believed to be thymus DNA at 50 @ml 
initiated by the formation of a 1,4-diyl (p-  [20M excess (in base pairs) 
benzyne) intermediate (structure 2). The to the calicheamicin 

yll at 5 pglml, 10 mM f3- 
unexpected site-specificity of this chemistry ,'Eaptoethanol, and end- 
is far from obvious, since a similar and labeled ohgomer (-6000 
equally potent compound, esperamicin cpm) in a total volume of 10 
(structure 3) (4, 5), does not exhibit any ~ 1 -  kactions were run for 

2 hours at 4"C, then lyophi- strong sequence-specificity (6). Experimen- Ckavage Were 

tal evidence, in conjunction with molecular eon a 20% wad- 
amide sequencing gel at ' 
2000 volts for 75 min. G, 
AG, C,'TC are Ma~am-Gii- 

American Cyanamid Company, Medical RcxaKh Divi- bert h e m i d  sequencing 
sion, Ledcrlc Laboratories, Pearl River, NY 10965. lanes. Lanes 1, DNA con- I 

hanging sequence on either strand of the 
uncut dodecamer ending with 5'TCCTI 
3'AGGA does not facilitate or amplify cleav- 
age (Fig. 1). This result indicates that cali- 
cheamicin yll anchors itself on the DNA 
from the 5' side of the TCCT sequence (3' 
side of the complementary AGGA se- 
quence) and that l a  requires double-strand- 
ed helical DNA in close proximity to the 
target site in a manner reminiscent of a 
restriction endonuclease. 

Only the TCCTIAGGA site was subject 
to drug-induced cleavage and therefore this 
oligonucleotide-based system mimics the ca- 
licheamicin-polynucleotide restriction frag- 
ment studies (3). To gain hrther insight as 

G AG C T C  1 2 

* P a n t  address: Univmid Piem et Marie Curie, Paris, ~01s;  lanes 2, reactions with 
France 75005. calicheamicin yll. 
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to the significance of the TCCTIAGGA 
"hot" site, base pair mismatches were intro- 
duced within that tetramer sequence. An 
AG mismatch S1TCAT/3'AGGA toward the 
3' side of the TCCT site does not affect the 
double-strand cutting. However, an AG 
mispair 5'TACT/3'AGGA toward the 5' 
side of TCCT, that is, the same side from 
which the drug anchors onto the DNA, 
inhibits the cleaving on the AGGA-contain- 
ing strand, while keeping the cut at the 5'A 
of the TACT-complementary tetramer (Fig. 
2). An AG mispair is thought not to induce 
a significant deformation in the overall con- 
formation of the DNA helix other than to 
produce a local widening of the minor 
groove (7, 8). The above findings suggest 
that the drug-reactive moiety gets partially 
inserted in the groove closer to the target 
site on the TCCT-containing strand. This 
conclusion is hrther substantiated by the 
observation that in some cases the cut on the 
AGGA side is weaker than that on the 
TCCT strand (Fig. lB ,  part I). Further- 
more, the cutting moiety of calicheamicin 
-y 1' seems to be introduced in the groove at a 
set angle that is most probably determined 
by the thiobenzoate-carbohydrate tail of the 
drug. This effect would explain why the 
reactive species does not move around in the 
groove to a position where it could reach 
both strands in order to accommodate the 
minor deformation caused by the AG mis- 

pair. Since local helix parameters are influ- 
enced by base sequence (9, lo), this effect 

tive lacking the 4-ethylamino sugar (struc- 
ture lb )  exhibited a cutting pattern identical 
to that of the parent compound but was two 
to three orders of magnitude less efficient. 
Acetylation of the 4-ethylamino sugar also 
lowered the cleavage affinity but not the 
reaction specificity. Thus, the basicity of the 
4-ethylamino sugar is important in the 
cleaving efficiency, most likely because of its 
catalytic role in the activation of the trisul- 
fide group (12). In addition, drug-DNA 
association might help bring these two 
groups closer to each other. However, this 
sugar plays no role in determining DNA 
cutting specificity. A derivative lacking the 
terminal rhamnose (structure lc) had the 
same specificity as calicheamicin but 
exhibited 50 to 100 times less cutting effi- 
ciency. Removing both the rharnnose and 
the Cethylamino sugar (structure 1 where 
Rl and R2 = H) resulted in the inhibition 
of cutting. So far, we have been unable to 
cleave selectively the glycosylated N - 0  bond 
in order to test the aglycone-disaccharide 
portion. 

These structure-activity relations, along 
with the specificity of cutting at the 
TCCTJAGGA tetramer seeming to be inde- 
pendent of the nature of the flanking se- 
quences, suggest that the carbohydrate tail- 
DNA interaction is a necessary but nonspe- 
cific one. Circular dichroism studies on the 
binding of the inactive aromatic derivative 
(structure 2) (13) with sonicated calf thymus 

would also imply- that there must exist a 
spatial compatibility between the cutting 
moiety of the drug and the complementary 
cleavage sites on the DNA for a double- 
stran&scission to occur. 

Creating a TC mismatch (Fig. 2) within 
that same sequence, 5'TCCT/3'AGTA and 
5'TCCTl3'ATGA, totally inhibits the scis- 
sion of either duplex strand whether the 
mispair is toward the 5' or the 3' side. TC 
mismatches are among the more unstable 
mispairs and could lead to considerable 
broadening of the minor groove at that site 
(1 1). In this case, the diyne-ene moiety finds 
itself in an expanded groove and hence is 
inaccessible to either of the DNA strands. 
This result confirms the earlier idea of the 
drug being presented in the groove at a well- 
determined angle. The above findings, along 
with initial observations (3) and bias of 
calicheamicin toward (G + A) . (T + C) 
sequences, imply that such sequences meet 
the spatial requirements imposed by a com- 
bination of the diyne-ene moiety and the 
rest of the drug molecule. 

Insight as to the importance of various 
structural features in the carbohvdrate-tail 
portion of calicheamicin -yl' for cleaving 
efficiency and specificity was gained from 
examination of the DNA cutting by certain 
derivatives of calicheamicin ?ll. The deriva- 

DNA showed reduction in the DNA dichro- 
ic absorption, primarily of the positive 270- 
nm peak. This result suggests that a tighten- 
ing of the DNA duplex occurs probably in y  , I  doub 

Is-:am + h ~  
ig. 2. (A) C 
..sc ,.I.*a;.... 

lc-strand clc 
r,.-,,-*,nn n r r  si,,, ,,,,,,,,,d after ,.,. y..ducts 

on both strands on synthetic oligomers where AG 
and TC mismatches \\,ere introduced within the TC- 
CTIAGGA retramcr. The arrows indicate the cali- 
chcamicin y l '  sites of attack; 1 stands for the basic 
oligomcr in which AG and T C  mispairs were intro- 
duced; c stands for complementary; m for mismatch; 
the number preceding the strand label (3' or 5') 
designates whether thc mismatch is to\vard the 3' or 
the 5' side as compared with TCCT. (B) Autoradio- 
p s  of high-resolution denaturing gcls of the clcav- 
agc of 5' end-laheled (*3'ml/cl), ('l/cl), (*ll5'mcl), 
rcspcctivcly. Thc asterisk shows the "P-labeled strand. 
';, ACT, C, and TC are Mauam-Gilbert sequencing lanes 

~rrespnding to the '3'ml strand. D stands for drug- 
rated; R for blank or control. Reaction condtions and 
ork-up are identical to thosc in Fig. 1R. 

through association between the carbohy- 
drate tail of the drug and DNA. This associ- 
ation must occur in the minor groove since 
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Fig. 3. Computer-generated depiction of the proposed association of calicheamicin -y,' with the minor 
groove of standard B-DNA. (A) The drug is in yellow, the TCCTIAGGA sequence is in green, and the 
hydrogens abstracted by the p-benzyne diradical are in red. (B) Stereo pair view of the carbohydrate- 
thiobenzoate tail of the drug (in blue) wrapped around the DNA minor groove. This tail serves as a 
vehicle for the entry of the diyne-ene into the DNA. 

nctropsin, a known minor groove bider, 
alters the specificity of calicheamicin -y 1' (3). 
That calicheamicin 1' cuts T4 phage DNA 
(which is glycosylated in the major groove), 
with the same efficiency as regular DNA 
further supports the implication of the mi- 
nor groove as the binding site. 

These results lead us to propose a model 
fbr a calichearnicin -y I'-DNA encounter based 
on computer-assisted molecular modeling 
studies (Fig. 3) (14). In this depiction, the 
carbohydrate-thiobenmate tail is placed in the 
minor groove, where the 3-hydroxyl of the 
thiosugar and the 2-hydroxyl of the rham- 
nose fice the bottom of the groove and can 
hydrogen bond to the 0 - 2  of juxtaposed 
pyrimidine bases. Additional stabilization 
occurs by the quasi-intercalation (15) of the 
thiobenzoate ring between the walls of the 
minor groove. ~ i e  shape and the size of the 
carbohydrate-thiobenzoate tail of the mole- 
cule ( ~ i ~ .  3) permit orientation along the 
minor groove of the DNA (in a 3' pu- 
rine -5 '  pyrimidine fashion) by equilibrium 
binding due to the above-mentioned con- 
tacts. This association then guides the diyne- 
ene cutting moiety into the duplex DNA 
groove at sites where the local helix charac- 
teristics (for example, groove width and 
angles) are favorable for such an insertion 
(Fig. 3). One must bear in mind that the 
movement of the diyne-ene moiety within 
the groove is then controlled by the carbo- 
hydrate-thiobenzoate tail of the calicheami- 
cin -yI1 molecule. In the presence of thiols, 
the diradical species then forms in the 
groove. At sites such as TCCT/AGGA, 
where the spatial orientations in the groove 
are optimal, the diradical abstracts the hy- 
drogens it requires from the sugars, which 

initiates DNA double-strand scission (thc 
most favored hydrogens being in this case 
the 5'H on the TCCT strand and the 4'H 
two bases off toward the 3' side on the 
AGGA-containing strand) (Fig. 3) (16). 
However, if the diradical forms in a site on 
the DNA that is "too wide" and where the 
hydrogens on the deoxyribose sugars are not 
accessible then it abstracts hydrogens from 
only one strand (as in a case of a mismatch) 
or from the thiol-solvent system (as in the 
case of unfavored sites) to form the inactive 
aromatic derivative (structure 2). This situa- 
tion would explain the results of Fig. 2. In 
contrast, esperamicin (4, 5) might not be 
able to associate with the DNA as closely as 
calicheamicin -yll, since it lacks the thioben- 
mate-rhamnoside moiety and is therefore 
less specific. Moreover, experamicin might 
have more than one choice in forming a 
complex with the DNA, given that it pos- 
sesses two different sets of groupings hang- 
ing off its diyne-ene moiety. 

Calicheamicin -yll represents a new kind 
of DNA cleaving agent in which the cleav- 
age specificity of the p-benzyne diradical is 
proposed to be directed by a nonspecific but 
stabilizing DNA minor groove carbohy- 
drate-aromatic interaction,- a rarity among 
drugs. The potent biological activity of cali- 
cheamicin -yll could be due to its ability to 
cause double-strand cleavage of the genetic 
material at specific sites that are at or adja- 
cent to biologically important sequences on 
the DNA. 

Note added in vroof: On the basis of our 
initial studies ~ ~ ' D N A  restriction fragments 
(3) another group (1 7) recently proposed a 
binding model for calicheamicin -yll. In this 
model, it is suggested that the drug anchors 

onto the DNA from the 5' side of AGGA 
and abstracts a C-1' hydrogen from the 
AGGA-containing strand. This is unlikely in 
light of our orientation studies described 
herein as well as our observations on elecao- 
phoretic mobilities (16) in the case of 
AGGA strand cleavage. 
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